We present new VLA images at 328 and 1415 MHz of the supernova remnant (SNR) W28. The image at 1415 MHz, produced after the combination of 50 separate VLA pointings and the addition of singledish data, has an angular resolution of 88A ] 48A, with an rms noise of 5 mJy beam~1. At 328 MHz, the image has an angular resolution of 97A ] 52A and an rms noise of 14 mJy beam~1. From these observations we reestimated the characteristic parameters of W28 : angular diameter 48@, Ñux densities Jy and Jy, W m~2Hz~1 sr~1, and a \ [0.35
INTRODUCTION
W28 (G6.4-0.1) is a prominent supernova remnant (SNR) located in a complex region of the Galactic plane, rich in both thermal and nonthermal sources. W28 belongs to the class of SNRs known as the "" thermal X-ray composites ÏÏ or "" mixed morphology ÏÏ SNRs (Rho & Petre 1998 ; Jones et al. 1998) . This is a morphology mixture of shell appearance in radio wavelengths with centrally condensed thermal X-ray emission.
Radio brightness and polarization structure of W28 have been previously investigated at di †erent radio frequencies by Kundu (1970) , Shaver & Goss (1970) , Milne & Wilson (1971) , and Kundu & Velusamy (1972) among others. Goudis (1976) carried out a careful study of the region by comparing over twenty di †erent radio observations, ranging from 85.5 MHz to 10.7 GHz. Several H II regions have been identiÐed around W28, namely the Lagoon Nebula (M8, D1¡ to the southeast), the TriÐd Nebula (M20, to the northeast), and W28 A-2 (G5.9-0.4, D40@ to the D0¡ .5 south ; see Fig. 1 ). Goudis (1976) found that two bright sources that are observed in projection onto the W28 shell, G6.4-0.5 and G6.6-0.3 (Kes 59), have a possible thermal nature. The magnetic Ðeld lines are tangential over the ÈÈÈÈÈÈÈÈÈÈÈÈÈÈÈ bright northern shell (Shaver & Goss 1970 ; Kundu & Velusamy 1972) . Andrews et al. (1983) carried out VLA observations of the central 50A region. Based on these observations, they reported the detection of a Ñat spectrum compact radio source, G6.6-0.1, located near the center of W28, separated from G6.6-0.1A, an X-ray point source. Later, Frail, 1@ .7 Kassim, & Weiler (1994) produced a VLA image of the whole remnant at 330 MHz with an angular resolution of about 1@. Recently Yusef-Zadeh et al. (2000) carried out high-resolution VLA observations of the TriÐd Nebula, which at low frequencies includes W28 in the surveyed Ðeld. Based on these observations, Yusef-Zadeh et al. (2000) conclude that faint nonthermal emission observed near G7.06-0.12, to the northeast of W28 (see Fig. 1 ), originates in a barrel-shaped SNR that was previously unidentiÐed. In addition, they report the existence of another shell-type feature (G6.67-0.42) to the east of W28 and a very weak shell structure near G6.83-0.21. The nature of these last two features is not clear.
The pulsar PSR B1758-23, discovered by Manchester, DÏAmico, & Tuohy (1985) lies to the north of W28 on the SNR limb ; Frail, Kulkarny, & Vasisht (1993) suggested that it could be the possible runaway pulsar of W28. Its association with W28, however, has been discarded by Claussen et al. (1999) based on VLBA measurements of interstellar scattering toward the pulsar.
In the X-ray regime, W28 was investigated with the Einstein Observatory (Andrews et al. 1983 ; Matsui & Long 1985 ; Long et al. 1991 ). Long et al. (1991) suggest that the ÈRadio continuum image of a 6.25 deg2 Ðeld containing W28 and several nearby thermal sources (M20, M8, and W28-A2). The image was obtained with the VLA at 1415 MHz after the combination in mosaic of 50 di †erent pointings with the addition of single-dish data at 1408 MHz from the Bonn 100 m observations (Reich et al. 1990) . The angular resolution is 88A ] 48A, P.A. \ 8¡, and the noise level is 5 mJy beam~1. The gray scale varies between 0 and 500 mJy beam~1. The Galactic coordinates are indicated at intervals of The two features with "" G ÏÏ names are discussed in the text. 0¡ .5. X-ray emission, thermal in nature, originated after the remnant had overtaken many small, dense cold clouds that were subsequently evaporated. Torii et al. (1996) reported ASCA SIS observations of W28 conÐrming the thermal nature of the X-ray emission associated with W28. Rho et al. (1996) reported observations of W28 carried out with ROSAT PSPC detectors. They Ðnd that the X-ray emission of W28 is centrally concentrated, but it also includes earlike segments of limb-brightened shell in the northeast and northwest.
In the optical domain, van den Bergh, Marscher, & Terzian (1973) published an Ha interference-Ðlter plate acquired with the Palomar 48 inch (1.2 m) telescope. Also Long et al. (1991) carried out an optical study of portions of W28 in the Ha and [S II] lines. The optical emission consists of short Ðlaments superposed over a general di †use emission, and as is the case for the X-ray radiation, the Ha is centrally concentrated. Long et al. (1991) characterize the optical emission associated with W28 as chaotic, with patchy emission knots, embedded in di †use emission, a rather unusual pattern for optical emission from old, shelllike SNRs. The optical spectrum is, however, typical of old SNRs with moderate reddening (Long et al. 1991) .
W28 also shows clear signs of interaction with an adjacent molecular cloud (Wootten 1981 ; Frail & Mitchell 1998 ; Arikawa et al. 1999) . The encounter of the SNR shock front with the molecular material is responsible for the excitation of over forty 1720 MHz OH masers which are located along the brightest synchrotron features (Claussen et al. 1997 (Claussen et al. , 1999 .
The unidentiÐed EGRET source 3EG J1800-2338 (Hartman et al. 1999 ; listed as 2EG J1801-2312 in the second EGRET catalog) lies in the southwestern quadrant of W28, and an association with the SNR was proposed (Esposito et al. 1996) . Recent CANGAROO observations carried out by Rowell et al. (2000) looking for TeV c-ray emission of pointlike sources toward several sites considered as potential c-ray emitters in W28 (pulsar, molecular cloud, OH masers, etc.) produced negative results.
In this paper we describe mosaic observations of W28 at 328 and 1415 MHz, carried out with high spatial resolution and high sensitivity using the Very Large Array (VLA).4 Based on these observations we have performed a detailed study of the radio structure, analyzed the spectral index distribution and carried out a comparison with emission distributions in other spectral regimes. A future paper will deal with a study of the neutral interstellar gas in the j21 cm line of the H I over a 6.2 deg2 Ðeld around W28 based on Parkes observations. 2. OBSERVATIONS AND DATA REDUCTION 2.1. Radio Continuum at 1415 MHz Because of the large angular size of W28 of 45@, mosaicking was required with the VLA (30@ FWHM at 1.4 GHz). The pointings were separated by j/2D according to Nyquist sampling criterion, resulting in 50 di †erent pointings.
Forty out of the Ðfty positions were observed for about 5 hr on 1997 October 30 and for about 2 hr on 1998 January 9 with the VLA in the D conÐguration in two 50 MHz bands centered at 1365 and 1465 MHz. Ten positions to the west of W28 were observed on 1999 February 19 for about 1 hr with the same conÐguration and frequencies. The points were observed ten times in snapshots of 30 s position~1.
The data were calibrated in AIPS. The primary Ñux density calibrator was 1328]307 (3C286) (assuming a Ñux density S \ 14.55 Jy for this source at 1.4 GHz) ; 1830-210 was the phase calibrator (assuming S \ 10.9 Jy for 1830-210 at 1.4 GHz). The instrumental polarization was derived using 1830-210, and the RR-LL o †set was calibrated on 1328]307.
The calibrated data were further processed in the SDE package (Software Development Environment, Cornwell, Briggs, & Holdaway 1996) . The single dish image used for the short spacings information was obtained from the Bonn 100 m 1408 MHz observations (Reich, Reich, & 1990) . Fu rst The single dish image has and the rms noise of T B /S \ 1.96 40 mK in brightness temperature. This image was used as the prior image in the maximum entropy based mosaic program MOSAICM, based on the Cornwell (1988) algorithm.
After averaging the images observed at 1365 and at 1465 MHz, the angular resolution of the resulting image is 88A ] 48A, P.A. \ 8¡, and the rms noise level of 5 mJy beam~1.
2.2. Radio Continuum at 328 MHz W28 was observed near 330 MHz with the VLA in the C conÐguration on 1997 August, in eight scans of 15 minutes each. The source was observed in two 3 MHz bands centered at 320 and 328 MHz in spectral line mode, enabling the elimination of a few channels with radio frequency interference. 3C286 and 1859-235 were used as primary Ñux and phase calibrators (assuming S \ 26 Jy and 14 Jy for 3C286 and 1859-235 at 328 MHz, respectively). The short spacing information was taken from observations of W28 carried out on 1996 September 3 by Kassim (Kassim & YusefZadeh 2000) using the VLA in the D conÐguration at 326 MHz in the continuum mode.
The combined C and D conÐguration data were processed using the multifaceted algorithm DRAGON ÈÈÈÈÈÈÈÈÈÈÈÈÈÈÈ 4 The Very Large Array of the National Radio Astronomy Observatory is a facility of the National Science Foundation operated under cooperative agreement by Associated Universities, Inc. (Cornwell 1992) which deals with the problem of noncoplanar baselines. When sources are larger than the facet size used by DRAGON, there are some residual errors caused by the overlap of adjacent facets. By constructing three DRAGON images with di †erent facet sizes, masking the regions a †ected by the facet overlap problem, and making a weighted linear combination of the masked images, we are able to reconstruct an image which is free of facet defects (Dubner et al. 1998 ).
W28 and its faint extensions are about 1¡ in size, and the W28 Ðeld is confused with galactic continuum emission which is larger than a degree. Simulations indicate that for VLA D array conÐgurations, CLEAN can only recover the Ñux density of an object that is j/2D or smaller, while maximum entropy (MEM) is able to recover the full Ñux density of bright objects as large as j/D (Holdaway 1994) . Indeed, the CLEAN-based DRAGON image is afflicted with a large "" bowl ÏÏ around W28, indicative of an image that does not recover all the Ñux density. The DRAGON image recovers about half the expected Ñux density of W28. Currently, there is no MEM-based multifaceted algorithm to produce images with a better Ñux density estimate and to deal with the noncoplanar baseline problem which a †ects low-frequency images at higher resolution. Thus, we have combined the low-resolution (¹200 j) part of the MEM image and the high-resolution part (º100 j) of the corrected DRAGON image in the Fourier plane with the SDE task IMERG (Braun 1988) . The resulting image still shows some indication of missing short baseline, but it recovers the expected Ñux density for W28.
After combining the low-and high-resolution data, the resulting image at 328 MHz has an angular resolution of 97A ] 52A, P.A. \ [1¡, and an rms noise of 14 mJy beam~1.
3. RESULTS Figure 1 displays the observed emission distribution at 1415 MHz within a Ðeld size of which includes the D2¡ .5, SNR W28 and several nearby sources. A few lines of galactic coordinates are plotted to facilitate the location of sources. From this Ðgure it is obvious that W28 is superposed over extended di †use emission associated with the Galactic plane. It is remarkable that the brightest arc of W28 is almost perpendicular to the Galactic plane (the line labelled b \ 0), and not aligned with it as expected.
Images at 1415 and at 328 MHz
Figure 2 displays a color image of W28, including the other thermal and nonthermal sources present in the observed Ðeld. Figure 3 shows in gray scale and in contours a smaller Ðeld centered on W28 at 1415 MHz, while Figure 4 displays the observed emission at 328 MHz. All of the structures are replicated at both frequencies. The source located near D18h00m45s, [23¡20@ (G6.6-0.1), less intense at the lower frequency, is thermal in nature and is located at the far distance of 16.7 kpc (Downes et al. 1980 ; Andrews et al. 1983 ; Odenwald et al. 1984) . Since this pointlike source is unrelated with W28 SNR, it will not be further considered.
With the addition of the short spacings information to the interferometric data, the complex morphology of this remnant is evident, including "" earlike ÏÏ protrusions to the east and to the west of the main portion of W28, which extend the apparent angular size of the remnant in the southern half. The image at 1415 MHz shows considerable low surface brightness emission spread throughout the interior of W28. The northern half, brighter than the southern portion, has a patchy appearance, with many short narrow Ðlaments. In the southern half, the most conspicuous characteristic is the presence of three holes, delimited by almost complete shell-like features (better seen in the color display in Fig. 2 ). In addition an elongated extension (looking like a short elephant trunk) is apparent to the southwest, near R.A. D17h58m30s, decl. approximately [23¡45@. These faint features have also been detected at other frequencies (e.g., the 5 GHz map of W28 by Shaver & Goss 1970) . Based only on the visual appearance, the connection of all these features with the three-dimensional structure of W28 is not obvious a priori. Yusef-Zadeh et al. 2000 propose, for example, that the eastward ear, a shell-like feature centered near 18h02m30s, [23¡35@ (named G6.67-0.42 in their paper), is clearly distinct from W28 and thus is unrelated to W28. In the present images, this feature appears connected with the general structure of W28.
After applying an appropriate background subtraction, the total Ñux density of W28 measured at 1415 MHz is Jy, and at 328 MHz S 1415 MHz \ (246^20) S 328 MHz \ (425 Jy. In these estimates we have included all the fea-40) tures that appear to be associated with W28. We note that the bright northern half contributes about 90% of the total Ñux density. Therefore, the possible inclusion of features that may be unrelated with the SNR, such as the eastern ear, does not signiÐcantly change the measured Ñux density. The quoted errors take into account the inherent rms noise of the image and the uncertainties in the background subtraction and in the choice of the integration boundaries.
Based on the present high-dynamic range images, it is possible to improve the size determination of W28. An average angular diameter of 48@^2@ is obtained for a circle with an area equivalent to that of W28, a value considerably larger than the usually tabulated angular size for this SNR (42@, Green 1998). Also, based on the observed Ñux densities, we estimated the average surface brightness of W28 at 1 GHz &^1.8 ] 10~20 W m~2 Hz~1 sr~1. In Figure 4 we have included the 95% error circle (the circle in size, containing the same solid angle as the 0¡ .32 95% conÐdence contours) of the EGRET source 3EG J1800-223, whose association with W28 has been proposed by Esposito et al. (1996) . It is apparent that the position of the 3EG source (improved with respect to the position suggested in the second EGRET catalog) coincides with the weaker portion of the radio source. In order to understand the nature of the di †erent components of W28, we will next analyze the radio spectral index, as well as the comparison of the radio emission with the emission in di †erent ranges of the electromagnetic spectrum.
Spectral Index Analysis
The study of local variations in the spectral index is a useful tool that provides information about many factors, e.g., adiabatic compression or magnetic Ðeld strength, that can a †ect the electron acceleration mechanisms. When the SN blast wave encounters a denser interstellar cloud, Ðrst-order Fermi theory predicts Ñatter spectral indices to accompany the higher Mach shocks produced. We therefore expect to detect di †erences in the spectral behavior between the brighter northern Ðlaments, which apparently trace the location of the shock front impinging onto dense clouds, and the fainter extensions to the south.
As a Ðrst step we combined the observed total Ñux density at 328 and 1415 MHz with existing observations at other frequencies in order to derive the integrated spectral index for the entire source. Figure 5 shows the log S versus log l plot as obtained from 22 observations (represented as open squares) taken from the literature (Kassim 1989 ; Kovalenko, Pynzar, & Udaltsov 1994b ) and the present observations (black squares). The line represents the best linear regression Ðt. This Ðt corresponds to a spectral index a (S P la) of [0.35^0.18, in good agreement with previous estimates (Green 1998)5. The error was calculated by Ðtting two spectra using the upper and lower Ñux density values measured at the edges of the observed frequency band, in addition to the intrinsic rms errors, as discussed by Kovalenko, Pynzar, & Udaltsov (1994a) . Also, we have investigated possible changes of the radio spectrum with position by comparing the images obtained at 1415 and at 328 MHz. Since both images have been processed in a similar manner with complete spatial frequency coverage and comparable angular resolution, they can be directly compared to obtain a qualitative impression of local spectral variations. Figure 6 displays in gray scale the distribution of the spectral indices between the two observed frequencies with several total intensity (at 1415 MHz) contours superposed. W28 appears immersed in an generally thermal environment, with a Ñatter spectral index (shown in black).
Based on Figure 6 , the distribution of the spectral index correlates with many total intensity features. The alignment of the Ñatter spectrum regions (darker in the Ðgure) with the bright Ðlaments on the northern half of W28 is quite striking. Also along the compressed northeastern limbs of the radio shell the spectrum is Ñatter. These must be the regions with the stronger shocks (higher compression, higher Mach numbers ; see, e.g., Bell 1978) predicts. The contrast in spectral index between Ðlaments and the regions between Ðlaments is about [0.2 to [0.4, thus reÑecting di †erences in the energy spectrum of the accelerated particles. As will be shown below, these Ñatter spectrum Ðlaments correlate well with the sites where the SN shock is overtaking a dense molecular cloud. The excellent correspondence of spectral index variations with total intensity and molecular features lends support to the assumption that the variations are intrinsic and not due to contamination by unrelated objects. We can conclude that the bright Ðlamentary radio features seen in the interior of the radio SNR are the projection onto the plane of the sky of a strong shock, which is either approaching or receding and encounters denser interstellar material. Figure 7 shows an overlay of radio contours at 1465 MHz with a gray-scale representation of the ROSAT X-ray emission (0.1È2.4 keV) associated with W28 (Rho et al. 1996) . The X-ray image was obtained from ROSAT Public Data Archive and reprocessed by P. Slane (1999, private communication) . The X-ray data have been smoothed with a three-pixel Gaussian.
COMPARISON OF THE RADIO IMAGES WITH EMISSION IN OTHER SPECTRAL RANGES

Radio and X-Ray Emission
X-ray emission is observed throughout most of the region delineated by the radio shell. From this comparison, several positional correlations between radio and X-ray features, are evident. (1) The X-ray brightness enhancement near the center of W28 (^18h00m30s, [23¡22@) appears surrounded by radio emission which delineate in detail the X-ray knots.
(2) The eastern X-ray maximum (near 18h01m50s, [23¡18@) is nicely outlined by a contour that encloses enhanced radio emission. Precisely in this region, the outer radio contours, which deÐne the edge of the shell, appear strongly compressed and slightly distorted. (3) The southwestern ear and the southeastern radio shell (G6.67-0.42), as well as most of the weaker southern half of W28, has tenuous X-ray radiation. Claussen et al. (1997) shown as white crosses. There is a striking correlation of the OH masers sites with several bright synchrotron features. In particular, (1) to the east, near 18h02m, [23¡18@, an excellent correspondence is observed among bright radio emission, a peak in the X-rays (Fig. 7) , and the location of D70% (28) of the observed OH masers. In this area, the radio emission is not only enhanced, but the outer radio contours are also distorted, indicating a strong compression. Frail & Mitchell (1998) and Arikawa et al. (1999) have shown the presence of a molecular gas cloud in this region. From these new radio images, it is now clear that the OH masers are located exactly at the interface between the shock front and the molecular cloud (see Fig. 9 ). (2) Another excellent correlation is found between the radio peak centered near 18h01m40s, [23¡25@, which is nicely surrounded on three sides by Ðve OH masers. (3) The remaining eight OH masers are located along the bright radio Ðlament observed approximately parallel to decl. [23¡17@. All the radio features which are spatially connected with OH masers have a Ñatter spectral index than the surrounding synchrotron plasma (See°3.2)
Radio and Molecular Gas
In Figure 9 we show 1415 MHz contours in the northeast section of W28, overlaid on the CO (J \ 3È2) image of shocked and unshocked gas observed by Arikawa et al. (1999) . Based on the velocity broadening of the molecular lines and the presence of the OH (1720 MHz) masers of the shocked gas, it is clear that this molecular cloud has been overtaken by the SN blast wave.
As described in the previous section, the eastern X-ray maximum (D7@ long located near 18h01m50s, [23¡18@, J2000.0), is very well aligned with the strongest compressed region of all the radio periphery. This fact would suggest the presence of dense interstellar material causing a deceleration of the shock front. However, it is puzzling that this X-ray/radio feature has no molecular counterpart in the high-resolution (15A beam) image of the CO (J \ 3È2) distribution, except for the southern section which is less than in extension. As shown in Figure 8 , most of the OH 2@ .5 masers are concentrated in this region.
Radio and Optical Emission
There have been a limited number of optical investigations of W28. The remnant was observed by van den Bergh et al. (1973) with the Palomar 48 inch telescope as a part of an optical atlas of Galactic SNRs, with a 120 minutes exposure in the Ha line. Subsequently, Long et al. (1991) obtained narrow-band optical images of three portions of W28 using interference Ðlters in the Ha and [S II] lines (exposures of 1000 s in Ha and 2000 s in [S II]). In addition a few spectra were obtained toward bright optical features.
In Figure 10 we show the Ha image of the region, as digitized from van den Bergh et al. Ïs (1973) plate, with radio contours (at 1415 MHz) superposed. The crosses indicate the stars used for alignment, while the boxes show the three regions (labeled "" a,ÏÏ "" b,ÏÏ and "" c ÏÏ) observed by Long et al. (1991) . The optical emission is fragmented and Ðlls most of the interior of the remnant, although the Ha emission does not, in general, coincide with the X-ray emission. This poor correlation, however, can be an e †ect of variable optical absorption. To the northwest, the optical emission extends up to the border of the SNR and is conÐned by the shock front as deÐned by the outer radio contours. Figure 11 displays the optical images of the three areas (Ðelds about 15@ in size) observed by Long et al. (1991) Long et al. (1991) and displayed in Fig. 11 . a in Fig. 10 ) corresponds to the northeast corner of W28. The correlation observed between the long optical Ðlament and the inner contour of the radio shell is striking. This optical feature corresponds exactly with the eastern X-ray maximum. We thus conÐrm that the Ha Ðlament must arise in the post-shock recombination zone ; also based on the morphology it is likely that it represents a sheet of gas observed edge on. The regions behind the radiative shocks delineated by Ha Ðlaments usually undergo strong compression, resulting in ampliÐcation of magnetic Ðelds and enhancements in relativistic particle densities, observable as a synchrotron maximum. This fact is further conÐrmed by the Ñatter radio spectral index in this feature.
The upper right image in Figure 11 (box b in Fig. 10 ) corresponds to the so-called center plate in Long et al. In this case, excellent correlation is observed between the radio feature and the bright optical Ha Ðlaments near 18h00m, [23¡18@. The coincidence of a synchrotron maximum with the Ha enhanced emission suggests that the optical Ðla-ments trace the location of shocked interstellar gas, as was the case for the northeastern features. In the southeast corner of this plate, the distribution of the optical radiation looks not only well correlated with the enveloping radio contours, but also with the X-ray central maximum, as shown in Figure 7 .
Finally, the lower image in Figure 11 (box c in Fig. 10 ) is the region called "" SW ÏÏ in Long et al. In this case, no clear radio/optical correlations are found in the weak central region of the radio remnant. This lack of agreement suggests that a di †erent physical process may give rise to the Ha emission in this case. A similar situation was previously observed in the SNR W44 (Giacani et al. 1997 ).
THE ENERGETICS OF W28
Based on the observed radio parameters, we have estimated the energy content in relativistic electrons for W28 by assuming equipartition between the kinetic energy of the relativistic particles and the energy stored in the magnetic Ðeld (Pacholczyk 1970) .
At 1415 MHz, the observed brightness per steradian is 1.4 ] 106 Jy sr~1. By assuming a ratio of relativistic nuclei to electrons g \ 40, and using the derived spectral index of approximately [0.4, and the estimated angular radius of 48@ (D21 pc at a distance of 3 kpc, Frail et al. 1993 ; 1999) , the rate at which the energy is radiated Vela zquez away as synchrotron radiation is about 5 ] 1035 ergs s~1. If we assume an age of D2.5 ] 104 yr (Frail et al. 1993 ; 1999) , the total minimal energy content of the Vela zquez synchrotron emitting particles is D2 ] 1047 ergs. This value is half of the total energy contained in the X-ray emitting plasma, 4 ] 1047 ergs, as estimated by Rho et al. (1996) 10, 0.15, 0.20, 0.25, 0.30, 0.40, 0.60, 0.80 , and 1.00 Jy beam~1. The crosses show the stars used to align the radio with the optical images. Because the optical images were obtained from digitization of the published plates, they include the positions of the slits and arrows used to identify the spectra, as drawn by the authors.
(where we have scaled their value for a linear diameter of 42 pc). If W28 had a typical initial energy ergs, then E 0 \ 1051 the energy detected from low radio frequencies to X-rays, represents only about 1% of the initial energy. We can therefore conclude that over the lifetime of this SNR, most of the energy has been dissipated into the interstellar medium in the form of kinetic energy.
CONCLUDING REMARKS
In this paper we have presented new radio images of the SNR W28 at 1415 MHz, as obtained with the VLA after the combination of 50 di †erent pointings using mosaicking techniques. With the addition of single-dish data, all the radio Ñux density is recovered, and both detailed smallscale and di †use large-scale features can be distinguished. We have also imaged W28 at 328 MHz using the VLA in its C conÐguration, with comparable angular resolution. The high dynamic range attained at both frequencies, have allowed the recognition of new faint features in the weaker southern half.
Based on the present observations we were able to improve the estimates of the characteristic parameters of W28 : angular diameter 48@, Ñux 35. The spectrum of this SNR has local variations which are correlated with total intensity features. All the bright synchrotron Ðlaments have a spectral index systematically Ñatter than the spaces between Ðlaments, revealing that the Ðlaments arise from strong shocks, with high Mach numbers. An extension of the radio remnant to the southeast, suggested by Yusef-Zadeh et al. (2000) to be a separate entity, appears to be connected with the rest of the remnant and quite similar in appearance to the remainder of the southern half of W28, which includes two other similar holes. The slight Ñattening in the spectrum of this feature may well be the result of contamination with thermal emission from neighboring H II regions.
Based on these new images, which reveal that W28 attained a smaller radius in the northern half than in the southern part, we suggest that the interaction of the bright northeastern portion of W28 with an external interstellar cloud, must have slowed down the expansion of the shock front in this direction, while to the south it expanded freely into a lower density medium.
With this new radio study we have contributed to an increase in the high-quality multiwavelength data base required to investigate the correspondence among radio, optical, X-ray, and molecular gas distribution in SNRs. This is particularly important to understand the nature of SNRs with hybrid morphology, which combine an empty radio shell with centrally concentrated emission in X-rays and Ha. Although the X-ray emitting plasma and the Ha radiating gas do not occupy, in general, the same volume as the nonthermal synchrotron plasma, several striking correlations of radio/X-rays and radio/optical features have been noticed. The agreement is especially good along the northeastern border of W28, where an X-ray maximum and a bright optical Ðlament are perfectly outlined by the radio contours. Also the present study has revealed interesting morphological correlations between the central X-ray maximum, the optical Ðlaments, and the radio contours which delineate the border of the central void. New detailed optical studies covering the whole optical remnant would be very helpful to analyze the formation of the short, apparently chaotic, Ha Ðlaments which Ðll the interior of W28. The comparison of the relativistic plasma traced by the synchrotron emission with the distribution of optical, X-rays, OH (1720 MHz) masers, and molecular gas, has revealed excellent correlations. Based on these agreements, we can produce a coherent picture of the SNR W28. The expanding SNR shock front has encountered dense interstellar material to the east and in front of W28. To the east, the SNR shock/molecular cloud interaction has induced the formation of bright optical Ðlaments, thermal X-ray emission and the excitation of OH masers. To the front, this interaction has resulted in the formation of the bright radio Ðlaments seen in projection in the northern half of W28. The locations of the shock/molecular cloud interactions are "" illuminated ÏÏ by the OH masers. In all cases such interaction has resulted in a modiÐcation of the energy spectrum of the relativistic particles, as revealed by the Ñattening in the radio spectral index.
We have also analyzed the energetics of W28. The total energy in relativistic particles is 2 ] 1047 ergs, half of the total energy contained in the X-ray emitting plasma, and only 2% of the energy content of the 104 K plasma emitting at optical wavelengths. For a typical SN explosion with an initial energy of D1051 ergs, we are lead to the conclusion that most of the energy (D99%) has been dissipated as kinetic energy into the surrounding interstellar medium.
The proposed scenario is consistent with the model presented by Bykov et al. (2000) for evolved SNRs interacting with molecular clouds. The model predicts a highly inhomogeneous radio structure consisting of a forward shock, a cooling layer, and a dense radiative shell with an interior Ðlled with hot tenuous plasma, as observed in W28. Besides, the estimated energy contained in nonthermal electrons for W28 implies an injection of 3 ] 1035 ergs s~1, in good agreement with Bykov et al.Ïs (2000) predictions for a model with electron injection from preexisting cosmic rays, reaccelerated by a radiative shock.
The c-ray source 3EG J1800-2338, coincides with the southern half of W28, which is the weakest part of the remnant. As pointed out by Drury, Aharonian, & Vo lk (1994) , if the c-ray luminosity originated through interactions between cosmic rays reaccelerated at the SN shock front and swept-up gas, it is expected to be low. However, the presence of a cloud near the particle acceleration site can produce a compact c-ray source through the decay of n0 produced in ion-ion collisions. In the case of W28 no radio features, which may indicate the existence of strong shocks interacting with molecular clouds, are observed in the southern half. Thus the association of W28 with the c-ray source 3EG J1800-2338 is unlikely. This result is in agreement with the recent CANGAROO results reported by Rowell et al. (2000) , who found no evidence of pointlike nor di †use sources of TeV c-ray emission in W28.
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